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ABSTRACT 
Fur the r  s t u d i e s  on' t h e  photoinduced elec6ron paramagnetic resonance 
s i g n a l s  found i n  photosynthet ic  t i s s u e  a s  a  funct ion  of wavelength, a s  we l l  
as temperature,  have made poss ib le  a  more p r e c i s e  d e f i n i t i o n  of t h e  na ture  
of t h e  primary quantum conversion a c t ,  These observat ions ,  taken toge the r  
wi th  new a s  we l l  as o l d e r  observations on t h e  light-induced s p e c t r a l  changes 
i n  both  b a c t e r i a l  chromatophores and green p lan t  quantasomes, have allowed 
' 
us  t o  spec i fy  t h e  p lace  at which two d i s t i n c t  and separa te  quantum conver- 
s ion  e l e c t r o n  t r a n s f e r  r e a c t i o n s  occur i n  green p l a n t s .  
The t r a n s f e r  from a chlorophyl l  aggregate t o  an acceptor  substance 
occurs s i m i l a r l y  i n  t h e  green p l a n t s  as we l l  as t h e  b a c t e r i a l  systems. The 
o t h e r  a c t ,  t h e  t r a n s f e r  of an e l e c t r o n  from a donor system producing a h ighly  
oxidized hole  t o  t h e  chlorophyl l  a g g r e g a t e , , i s  l i m i t e d  t o  t h e  green p lan t .  
\ 
This l a t t e r ,  h ighly  oxidized m a t e r i a l  then  c o l l e c t s  i t s  e l e c t r o n s  u l t i m a t e l y  
. with 
from water / the  production of oxygen. 
I n  t h e  green p l a n t ,  t h e  spread i n  energy between t h e  primary donor 
molecule i n  t h e  second a c t  and t h e  primary acceptor  molecule of t h e  f i r s t  
a c t  may be as much as  2 ev ,  providing f o r  a t  l e a s t  t h r e e ,  and poss ib ly  more, 
s i t e s  f o r  t h e  production of ATP and f o r  t h e  spontaneous passage of holes  and 
of e l e c t r o n s  from t h e s e  primary donor and acceptor  s i t e s ,  r e s p e c t i v e l y ,  t o  t h e i r  
u l t i m a t e  s i t e s  i n  molecular oxygen, on t h e  one hand, and reduced pyr id ine  
nucleoti.de on t h e  o ther .  
(Incorporating diacusoiong w i t t i  Kcnnsth Sauer, J t*  B, Kuntz, JP, arid P,  A .  Lodch) 
of photosynthos3.s ao it oa.scuuYe i n  n a t u m  today is the a b i l i t y  of tho organ- 
i s m ,  either green plant or bacterium, to u t i l i z e  n qrantuw of energy of t h e  
order of 38,000 ca.torbaa for green p l a n t s  and 
accomplish an o d e r e d  chemical t~qamsf carrni~t ion 
r e l a t i v e l y  high degree of f f lcicncy When we 
30,000 f o r  the bacter ia  to 
s t  r o ~ m  tamparature w i t h  a 
remember that t h a  appa ra tu s  
which accomp&ishes this f.s of l a b i l e  o~ganf.e., con t r u e t i o n  and t h a t  r h o  
thermal reactions w h h h  calk b pcrfor~nsd By ouch a aysrcrn rarely, if eve r ,  
involve energy changes higher than 10,000 or 15,000 calories,  it is an i m -  
press ive  accompli&ment indeed to be able .to mnblulate a packaeo of energy 
two or three t i m e s  that s ize wirhour dama to the apparatus and i n  a h i g h l y  
d i r e c t e d  and s p e c i f  ie way, 
The uktimate prcPcructs of t h i s  energy trans%urma%ion have long been 
known to  u s  i n  "clae f orrn pr3.maril.y of ctarbolilrdrate and oxygen, b u t ,  of course, 
including all of -the p lant  substances, In Pact, i t  is c u r r e n t l y  poss ib le  
t o  descr ibe  some more immaddatei produats of t11K.a energy c o n v e r s i m  process 
in terms of mare t r a n s i e n t  specifia energy-storing materials, To be p a r t i -  
cular ,  we have every peasan to believe that two such enargy-s tor ing  i n t e r -  
&-F The work described in t h i s  papar was p yon so red by t h e  U.S. 
Atomio Energy Comml.sslnn, \I ! ( 
4t  T h i s  paper was presented at conference on ~ h a ~ o s y n t l ~ e s i s  a t  
m a t a r i a l s  are reducad p y r i d h a  nua leo t  i d e  and adenosincr t r i phospha to  . It 
may t u r n  o u t  that other  , t ransf .ent  enera-banr.in[r, chemical i n t e rmed ia t e s  
might be still aloser t o  The enorgy trzinsfo~qination s t e p  itself, 
Bt t h i s  point it $8 perhaps wcsrthwhilo to def ine ,  as nearly as we 
- 
can, the p r o p e r t i e s  of the crxlerw-bsarir~g inter8madiate(  s which we w i l l  
c o n s i d e r  as the e a r h i e s t  form of chemical maray i n t o  crhich the e l e c t r o -  
magnet ic  quantum may be aonvwted ,  Suoh a l n a t s r i a l  would be the first 
chemically d e f i n a b l e  compstmd 4,n thermal o ~ u i l i b r i u r r ~  wi th  its envf~onment ,  
b u t ,  quite c l e a r l y ,  n o t  i n  chamfeal eqtulllibriurn u i  h it, since under such a 
d e f i n i t i o n ,  oxygen itself "could no t  bo evolvoci, 
We w i l l  c o n s i d e r  th primary quantum convers.ion act ,  t h e n ,  as t h a t  
act, o r  sequence of events, foLkowing t h a  absvrption o f  t h e  e lec t romagnet ic  
quantum and t e r m i n a t i n g  with ths agpeaxlance of a thermally relaxed chemi- 
c a l l y  de f ined  ind iv idua l .  whdch may then proceed by di rec t :  t h a r m a l  work- 
performing r e a c t i o n s  t o  prduee tha next t r l a ~ ~ s i e n t  and, f f nally , t h e  u l t i -  
mato products  of photosynthesis,+ 
Under suah a daflnition, an  e1.eetronicall .y laxcited state of a 
molecule ,  or a r r a y  of molaculos, such as might result from t h e  primary 
abso rp t ion  oc a quantum of light, wou1t11 not ba considered as a chemical  
e n t i t y  d i s t i n c t  from t h e  parent m a t e r i a l  bofore l i g h t  a b s o ~ p t i o n .  Only 
a f t e r  t h e  energy e~tored i n  t h i s  eLeot ronica l1y  s x c i t e d  state is transfornled 
i n t o  new chemica l  species, which can than  proceed to react,.or interact, 
with its environment a long  thermadynamis: p r i n c i p l e s  wcxlld i ~ o  aonsider 
t h e  quantum conversion 
these i n f t i a i  chemical 
process accomplish A l l  succeeding react ions  from 
opecies would, 0% courses be dark raacrfans. , 
of at o m h  rearxmgsment , xwsuLtiing i n  Wlas tranz;ifer of" hydrogen f m m  water to 
carbon diuxida, T h e m  h a v ~  h e n  many varia i a s  of t h i s  prvypxsal, ).iouevcr, 
# 
it remainad fop tha brilliant analysis sf van Hie on ' the comparative bio- 
than go about their separata tzays , t h e  saduuten t ukt  bnmtoly convsrt  i n g  t h e  
carbon dioxide to t h ~  Level of carbohy relccs and the oxidant c o n v e r t i n g  some 
suitable substrate ,  in the caw of the  bactwia, to an rascidiaed farm, or 
ultimately being  dbrn9.nated 
the prochction of a molacirla, ar xjpecka~o~ avid f a r  elsctrons, f r e q u e n t l y  ye- 
i . e . ,  with a relat ively high cl.ue,trcsn paessura, inost readi ly  awpsesontod 
by @or s imply Q. 
How these two partielas, or specLee, which would be produced as 
from each other so  as not t o  back reuet x9cep~osenta one of t h e  problems, 
Any mode of r e a c t i o n ,  suah as rnoleculasr rearrungeruon.tt or d i . s s o c i a t i o n ,  
which might Be used t o  store t h e  30 or 4 3  kcab must, of n e c e s s i t y ,  be sa 
ar ranged  t h a t  t h e  product "(or products) doas 11a.l: ilmnadfataly r e v e r t  t o  its 
i n i t i a l  s t a t e  w i t h  th4; evoluticoia ~f t h e  s tored enenxyy ei ther  in the? form 
of electrainagnetis radial.bn or as hea't, This requires t h a t  either a s u i t -  
a b l e  e n e r a  barrier be inkerpossd batween t h e  primary products  and the 
i n i t i a l  state,  or that tha pa4rnasy products ace e f f s ~ t i v d y  sepa ra t ed  from 
each  o t h e r  p h y s i c a l l y  sa rhar t h e  recornbinat.ton i s  s t a t i s r i c a E L y  improbable.  
The i n t e r p o s i . t i o n  af a barrier of any appnqesiablo s i z a  would r e q u i r e  
t h e  use of such a largo Practiozi of' t h e  i n i t i a l l y  ahsorbed e n e r g y  quantum 
to' overcome it t h a t  t h e  total energy stored in the process  mst, t h e r o f o r c ,  
be a r e l a t i v e l y  smell fraatlon of the quantum absorbed, Hero the r e l a r i ve ly  
h igh  e f f d c i e n c y  of t h e  averall procesa l i m i t s  us, and so we t u r n  t o  the o t h e r  
a l t e r n a t i v e ,  namaly, s f f e a t i v e  separation of t h o  r e a c t i o n  products .  This 
can be most easily accompZish if t h e  rsactfon products  are not massive 
atoms, but on1.y electrons, We om thus led to t h e  obvious suggestion t h a t  
t h e  pr imary quantum convers ion  aet Involves  a s e p a r a t i o n  of electrons 
from t h e  "holes", os p o s i t i v e  charges ,  whish they l e ave  behind in t h e  mole- 
cules from which t h e y  comtph a theorktiaal suggest ion l m d ~  v e r y  early by 
.- 
- - 
~ a t z .  
-1t has been e l a b o r e t a d  indeDenrient ly in gur laboratory f o r  similar 
--. 
3-5 t h e o r e t i c a l  r ea sons ,  end based upon model and direct 
b i o l o g i c a l  obse rva t ion  i n  recent y rs, A g o d  deal of  ev idence  has been 
9-12 
accumulating i n  t h e  last h a s  dozen years ,that this is indeed the case, 
With t h e  d i scove ry  of cytochrome f In t h e  green t i s s u e s  of p l a n t s  
by Davenport and ~ i J . 1 ~ ~ ~  U i l l  was even able t o  sugges t  t h a t  t h e  s e p a r a t i o n  
took  place i n  two distinct quantum otepa, I4*l5 The f i.mt one l ed  t o  t h e  
reduction of the  cytochroms a s s o c i a t e d  with the product ion of a h i g h  l e v e l  
. -. 
oxidant and t h e  eacond raktimately t o  t h i  s,sf.dat;ion of cytochrome with t h e  
a 
conoomitant product ion of / s t rong  r sdua ing  agan't 
Experimental  evidenae' for such  a process has since been accumulat- 
ing. That t h e  i l l u m i n a t i o n  of t h e  pho tosyn ths t i c  appa ra tus  of e i t h e r  green 
p l a n t  o r  bact6rium would r e s u l t  ultimately i n  an electron t r a n s f e r  reaction 
was first seen i n  that r e s u l t s  of ~ u n d e ~ a r d l , ~ '  and Duysens. I7#l8 They demon- 
s t r a t e d  by d i f f e r e n t i a l  spearsophotometry that  t h e  illuminated plant, o r  
particle, c a r r i e d  more oxid ized  cytochrms t h a n  d i d  the coxmsponding p l a n t  
or p a r t i c l e  kept i n  t h e  dark, Since then ,  t h i s  t y p e  of  experiment has bean 
broadly  expanded i n  many l a b o r a t o r i e s .  
Howaver, it remained f o r  ano the r  type of observation t o  show un- 
equ ivoca l ly  t h a t  t h e  absox~pt ion  sf l i g h t  by t h e  appa ra tus  of any photosyn- 
t h e t i c  organism r e s u l t e d  i n  the t r a n s p o r t  of an electron from a paired 
c o n d i t i o n  a t  one site t o  an unpaired a o n d i t i o n  a t  another ,  Such an obsor- 
vation would d i s t i n g u i s h  between the transport of 0x1s e l e c t ~ o n  from t h e  
transport of a p a i r ,  The unpaired eJ.ectx*on should make itself apparent  
by v i r t u e  of its paramaper i sm,  and with t h e ' a p p e a r a n c s  of microwave: xach- 
niques f o r  t h e  obse rva t ion  of e l e c t r o n  pasamagnetic rasanance  and with the 
hign  s e n s i t i v i t y  it provided,  i t  was possible to denor is t ra te  j u s t  such 
19.20 ' 
a process,  
_ 
We will be concerned with t h e  i n f o m a t i o n  t h a t  can be obtained by 
such.measurements in con junc t ion  with o t h e r  physical and chemical  parameters  
, 
t h a t  can  be varied, as well as t h e  r e 2 a t i o n e h i p  of these magnetic  changes t o  
t h e  o p t i c a l  changes upon i l l u m i n a t i o n ,  which are many and varied. 
EXPERIMENTAL RESULTS 
-
2 1 E l e c t r o n  Spin Resonance E x p r i m e n t s  
When pho tosyn the t i a  t i s s u e ,  s u i t a b l y  prepared,  is i l l umina ted  i n  
a c a v i t y  of an e l e c t r o n  pmamagnetia resonance spec t rometer ,  it is  p o s s i b l e  
. '% 
t o  see t h e  e l e c t r o n  paramagnetic resonance of t h e '  unpaired e l e c t r o n s  "chat 
a r e  produced, Such signals a r e  produced i n  whole spinach c h l o r o p l a s t s ,  both 
< .  at  2 5 O ~  and a t  - 1 5 0 ~ ~  at a. r a p i d  r a t e .  Tha r i s e  time is faster t han  t h e  r e -  
sponse time of t h e  ins t rument  in both cases, The s igna l s  s o  produced a r e  
shown i n  F i g u r s  1 f o r  \;hole sp inach  Signale produced i n  t h e  
whole organism of Rhodospir i l lum rubrum maintained a t  v d . o u s  tempera tures  
and i l l u m i n a t e d  wi th  whi te  light. a r e ,  shown i n  F igure  2. The s ignals  pro- 
duced i n  t h e  i s o l a t e d  chromatophorea from t h e s e  organisms are i d e n t i c a l  i n  
shape  and form and o t h e r  p h y s i c a l  p r o p e r t i e s ,  i n s o f a r  as w e  have been a b l e  
t o  determine,  
That t h e s e  unpai red  s p i n s  ap produced by l i g h t  absorbod by t h e  
I 4 
corresponding  c h l o r o p h y l l s  fs shown i n  t h e  a c t i o n  s p e c t r a  f o r  g r e e n  p l a n t  
. quantasornes reproduced in Figure  322 and i n  Khodospiril lum rubrum chromato- 
phores  shown i n  Figure It is i n t a r e & i n g  t o  n o t e  t h e  p o s s i b i l i t y  of 
t h e  e x i s t e n c e  of an  i n f l e a t i o n  po in t  on t h e  long  wave side of t h e  absorp- 
t i o n  of t h e  quantasomes cor responding  t o  what might poss ib ly  be a d i f f e r e n c e  
i n  t h e  a c t i o n  of l i g h t  a t  wavelengths somewhat longer  t h a n  700 mu. 
It h a s  been p o s s i b l e  t o  s e p a r a t e  t h e  green p a r t i c l e  ~ p d  s i g n a l  
i n t o  two aomponents, as shown i n  Figure 5ar There can be seen i n  the whale 
chloroplasts two d i s t i n c t  signals.  One of them is a s h a r p  s i g n a l  with a 
v e r y  r a p i d  growth and decay time a t  room tempera ture ,  and t h e  other  is a much 
broader  one wi th  a slow growth and decay time at room temperature.  It h a s  
/ 
been p o s s i b l e ,  by s u i t a b l y  f r a c t u r i n g  t h e  a h l o r o p l a s t a ,  not only  t o  separ- 
- 
10 GAUSS 
LIGHT SIGNALS FROM WHOLE SPINACH CHLOROPLASTS 
Figure 1, Light s i ~ n a h  from whole spinach chloroplasts. 
. . 
- ' 
I ESR SIGNALS FROM RWOSP/R/LLUM R U m  5 MINUTES CONTINUOUS ILLUMINATION 
Figure 2. EPR signals from Rhodospirillum rubrum; 5 minutes 
continuous i l lurnhat ion 
QUANTASOMES FROM SP/NACH /N 
, ABSORPTION n 
I 
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RHODOSP/R/LU/M lWBRUM CljROMATOPHORES 
e I, 1.2 x l0I6 Q/wc (Saturating) 
Figure 4. Absorption and ac t ion  spectra of chromatophores 
from Rhodospirillum rubrum. 
-
Figure 5. EPR (darK s i g n a l  mc( l iEh t  s i g n a l ,  i f  any)  i n  several 
green p a r t i c l e  f r a c t i o n s ,  
(a) Whole c h l o r o p l a ~ t s )  ( b )  quantasomes p l u s  s o l u b l e  
p r o t e i n ;  ( c )  c o l o r l e s s  s o l u b l e  p r o t e i n  :)leached from 
whole c h l o r o p l a s t s )  ( d )  washed quantasomes ; ( e )  quanta@ 
somes p l u s  s o l u b l e  p r o t e i n ,  
I n  each case ,  t h e  t r a c e  con ta in ing  the l a r g e r  signal is 
t h e  one produced I n  t h e  l i g h t .  The magnetic f i e l d  increases 
t o  t h e  right. Defin ing  a basic c h l o r o p h y l l  concen t r a t ion  
of C, as 15 mg of ch lorophyl l /ml  of sample, the c h l o r o p h y l l  
concen t r a t ion  i n  t h e  samples con ta in ing  pigmented p a r t i c l e s  
is: (a) N 3 C,; (b) Col ( d ) ~ 2  Co; (e )  ~ C O  
. ,  
ate them i n t o  a green particle c o n t a i n i n g  a l l ,  or almost a l l ,  of tha chloro-  
p h y l l  ( t h e  q u u s n t a ~ o m e ) , ~ ~  end a soluble aomponent, bu t  a l s o  t o  show that the 
s h a r p  s i g n a l  remains associated with t h e  quantasana p a r t i c l e  while  t h e  broad 
one is washed o u t  wi th  t h e  s o l u b l e  component and can be observed s e p a r a t e l y ,  
as shown i n  F igu re  5 ~ r  . % 
Temperature Effects 
Very e a r l y  i n  t h e  work on t h e  o b s e r w i o n  of t h e  product ian  of unpai red  
s p i n s  i n  pho tosyn the t i c  t i s s u e  it was recognized t h a t  one p h y s i c a l  v a r i a b l e  
which would h e l p  t o  d i s t i n g u i s h  between t h e  product ion of o rd ina ry  c h e m i c a l  
free r a d i c a l s  i n v o l v i n g  either t h e  s e p a r a t i o n  of a t o m  o r  a t  l e a s t  t h e  d i f f u -  
s i o n  of molecular p a r t i c l e s ,  was t h e  temperature.  Quite c l e a r l y  the ability 
ofsuch s i g n a l s  t o  appear  at ve ry  low tempera tures ,  a t  least as  low as l i q u i d  
n i t rogen-  tempera ture  and perhaps lower,  would imply t h e  p h y s i c a l  n a t u r e  of 
the mechanism f o r  forming them, 
Therefore ,  t h e  appearance of t h e s e  s i g n a l s  was exzirnin@d as a func t ion  
of temperarure ,  a lmost  down t o  l i q u i d  n i t r o g e n  tempera tures ,  Thus i n  F igure  '6 
'i' 
w e  see t h a t  t h e  rise time of t h e  sp in  produced i n  whole sp inach  c h l o r o p l a s t s  
/ 
is still f a s t e r  t han  t h e  ins r rumant  response ' t h e ,  even at t h e  low temperatures .  
It is impor tan t  t o  n o t e ,  however, t h a t  i n  t h i s  material t h e  s i g n a l  once pro- 
/ 
duced a t  low t empera tu re s  does no t  decay u n t i l  t h e  m a t e r i a l  i s  war~iied. 
When t h e  tempera ture  is  lowered on t h e  ch~ornatophores  from R, rubrum 
- -  
t h e  rise t ime  is aga in  unchanged wi th in  t h e  l i m i t a t i o n s  of t h e  ins t rument  
(F igu re  7)- However, t h e r e  is an important  d i f f e r e n c e  i n  t h i s  organism from 
t h e  green p l a n t  material, namely, t h a t  whila  t h e  decay of t h e  s i g n a l  is corn- 
p l e x  a t  room tempera tures ,  t h a t  is, showing a number o f  d i f f e r e n t  decay con- 
s t a n t s ,  b$ha t ime it reaches -112 '~ and dorm t o  - 1 5 0 ~ ~ ,  a l l  of t h e  slow dew 
cays have been frozen out$ a l l  t h a t  remains is a decay rime more r a p i d  than  
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! WHOLE SPINACH CHLOROPLASTS 
Figure 6. Growth and decay curves from whole spinach chlorop2nsts. 

a system for  t h e  y ~ o d u c t i u n  st unpaired s p i n s  at low temparutura which appsars 
t o  be k i n e t i c a l l y  tamperortire indspendsnk e ; , ~  itst formatican and its 
decay. 2 2 
. ' a  
An sxan~inat ion  of t h e  kirxkics of t h e  c o 2 s ~  changes irr both of these  
riteria3.s (chromtatophorsss and quuntasornou) has been undsrway I n  savoral  
laboratories ,  pwticular3.y 'those of Duysens, UP Witt , of Chance, and, rnora 
recent ly ,  of Kok. It was observed by Chanoe and Nishirnura that  t h e  color 
changes i n  t h e  region 550, 523 and 43Q niu induead by iL2unlFnntisn could he 
achiaved at l i q u i d  ni trofpn temperature  pit^ as rapidly an they could at 
room t e ~ n ~ e r a t u r o . ~ ~  However, they d i d  nut decay at  liquid nitrogen f~ rnper -  
of chbrmplas t  material has a l so  $ 0 ~ 1 1  induced at liquid nitrogen tenperarum 
but they  d o  not  recover, i ,s , ,  tho  optical density changes are 'gfrozen i n .  r r25  
These changes have been called cytoclkromo oxidatform i n  bath cases, It is  
therefore clear t h a t  at least  in t h e  case of the purple bacteria (Chromatiurn, 
P I -  
Rhodospirillum rubrum, 2 6 ) the unpaired spin signal 
0 
which i s  revars ible  a t  l o r g  temperature does not r a s i d e  in t h e  cytochrome, 2 6 
Soma c o l o r  clxmgs, howver,  can he induced by illumination i n  purple 
b a c t e r i a  which is revers ible  w a n  down to L%, Arnold and Clayton observed 
an optical density increase at approximataly 420 mu in chromatsphores from 
Rhcdopseudmonav which was rovernibla down to Z O K . ~ ~  Further 
studies by Clayton on purple bacter ia  have demonstrated that revers ible  
changes at around 430 mu can be observed without concomitant cytochrome 
changes.27 It  therefore appears cer ta in  that at  least some of t h e  opt ica l  
densit') change observed i n  t h e  420 mu region is nat due ts cytochroinu but 
t o  some other  ahange resembling a simple physiaal s l m t r o n  transfer reaction, 
While the e l e c t r o n  s p i n  rasonance experiments have n o t  ye t  been 
c a r r i e d  t o  t h i s  lower tempera ture ,  t h e  f a o t  that no  change a t  a l l  i ei ther  I 
t h e  s i g n a l  Qr its k i n e t i c s  has  beon obsswad  on passing from - 1 ~ 2 ~ ~  t o  
- 1 5 0 ~ ~  s u g g e s t s  that: t h e  s i t u a t i o n  w l l l  remain unchanged at lower tern- 
. % 
, pe ra tu re s .  We a re  t h e r e f o r e  prone t o  a s s o c i a t e  t h e  unpaired spin which we 
have observed wi th  the l i g h t  inducsd revesaible o p t i c a l  density changa a t  
420 mu seen by Arnold and Claytons , 
Redax Reactf ons  
8 
I Ia an a t t empt  t o  p l ace  t h e  redox l eve l  of aome o f  tha  constituents 
i n  t h e  e l e c t r o n  t r a n s p o r t  cha in  which seem to be here involved, t h e  assurnp- 
t i o n  h a s  been made t h a t  an  e x t e r n a l  redox couple  could  c o n t r o l  t h e  oxida- 
t i o n  l e v e l  of a component i n  t h e  e l e c t r o n  t r a n s p o r t  cha in  a t  t h e  corres- 
ponding redox l e v e l r  A variety of such couplos h a s  bean used,  r ang ing  i n  
p o t e n t i a l  from t h o s e  having a high e l e c t r o n  pressure ,  approaching t h a t  of 
p y r i d i n e  n u c l e c t i d e  a t  -0.3 v o l t ,  t o  those having a h&h e l e c t r o n  affinity 
such as f e r r i c y a n i d e  with a p o t e n t i a l  o f  about  +8.45 volt. 
When b a o t e r i a r  c h r m a t o p h o r e ~ l  were t r e a t e d  wi th  a varkty of such 
redox systems,  it was found t h a t  f e r r i a y a n i d e  w o v J d  induce o p t i c a l  changes 
i n  t h e  chromatophores which resomblo very closely those produced by illu- 
mination. A comparison bf these o p t i c a l  density changes induced i n  t h e  
chromatophores of a carotenold-less mutant of 
is shown i n  Fiyre 8, taken from t h e  work of ~ l z i ~ t o n . ~ ~  It  seems q u i t e  
clear t h a t  t h e  major o p t i c a l  d e n s i t y  decreases a t  870-890 mu are indeed 
a s s o c i a t e d  w i th  t h e  ox ida t ion  of oh lorophyl l ,  
A similar r e l a t i o n s h i p  batween t h e  l ight- induced o p t i c a l  changes 
and t h o s e  induced by f e r r i c y a n i d e  on t h e  green p a r t i c l e s  ( c h l o r ~ o p l a s t s  or 
q u a n t a s a a s )  has bean observed by Kok and and also by W i t t .  2 5 
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Figure 8. Optical dens i ty  changes induoed by ferr icyanide  
in chromato hopes of carotenoid-less  mutant ~f R .  
spheroides fRef. 28) - 
Here t h e  change is a deo raase  i n  o p t i c a l  d e n s i t y  a t  705 mu as well as a 
d e c r e a s e  a t  430 mu. The fact t h a t  t h e  l ight- induced o p t i c a l  d e n s i t y  
changes are r e v e r s i b l a a t  Isw t empera tures  i n  t h e  c h r m ~ a t o p h o r a s  and not 
r e v e r s i b l e  a t  low t empera tu re s  En t h e  quantasomes, t h u s  corresponding t o  
behavior  of the, unpai red  s p i n s  i n  ba th  cases, is added evidence t h a t  they  
a r e  indeed due t o  t h o  same, or c l o s e l y  r a l a t e d ,  s p e c i e s  i n  each case, 
namely, t h e  chl.orophylIc 
F i n a l l y ,  it h a s  bean found t h a t  t h e  s l e a t r o n  s p i n  s i q n a l  can a l s o  
be induced i n  t h e s e  two p a r t i c l e s  by ox ida t ion  with fosrm' i~yanids~  This  
is probably  the same process  as t h a t  r epo r t ed  f o r  p a r t i c l e s  from a red alga 
by ~ok.~' Sinae  t h e  ox ida t ion  of t h e  c h l o r o p h y l l  could produce a chit 
r a d i c a l  o r  "hole'1 i n  a n  ordered a r r a y ,  it wauld appear  t h a t  t h e  o p t i c a l  
signal and t h e  s p i n  signal might, t o  a f i r s t  approxin~at ion ,  be clue t o  t h e  
format ion  of ~hl*. F u r t h e r  evidence can be found $.n t h e  f a c t  t h a t  when t h e  
~ h l '  is produced chemica l ly  by f a r r i c y a n i d a ,  aa evidenned e i t h e r  by t h e  
o p t i c a l  d e n s i t y  change or by t h e  e l e c t r o n  spin resonance s i g n a l  i n  t h e  
da rk ,  t h e  magnitude of t h e  l igh t - induced  o p t i c a l  ahangas and t h e  l i g h t -  
induced EPR signals is diminished.  
I n  f a c t ,  when a q u a n t i t a t i v e  e s t i m a t e  is made of t h e  amount of 
. oxidation-produced EPR signal as a funo t ion  of  t h e  f a r ro - f e r r i cyan ide  
I 
ratio;. (and t h u s  t h e  electrochemicaZ p o t e n t i a l )  i n  t h e  medium and cainpared 
w i t h  t h e  amount of a d d i t i o n a l  unpaired spin t h a t  can be induced by t h e  
' 
l i g h t  on t h e  same system, a complementarity b~tween t h e  two is e x h i b i t e d ,  
5( 
as shown i n  F igu re  9. The p o i n t  f o r  t h e  product ion c& t h e  d a r i  signal u p  
CI We are g r a t e f u l  t o  D r .  P. AP h a c h  for a o l h b o r a t i n g  in t h e  estab- 
, l i shment  and measurement of t h e  p o t e n t f a l a  i n  t h e s e  experiments ,  
WEBOX PQTENTIAL (volts) 
MU-27272  
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Figure 9. Redox t i trat ion af t h e  ahernicalky-induced and 
photo-inducdd EPR in quantasomes from spinach 
~hLoropkasts 
< 
t o  half its maximum value corresponds npproximatoly t o  t h e  p ~ i n t  f o r  
the reducti of the l ight- induced s i g n a l  t o  hcnkf o f  its maximum va lue ,  
.rF 
both of thew l y i n g  at an  appapsnt o ~ i d ~ a t ~ 0 ~ 1 * * r @ d ~ ~ t i 0 ~  potential of
about +0,46 volt, A e i d a r  value was obta ined  in p a r t i c l e s  from red 
algae by Beinart ,  Kok and Moth* 30 
A corresponding  c ~ m p l e m a n t a r i t y  would e expeat& to exist in 
dr I. D. Kuntz, Jr, and P. A, Loach, unpubUshad obse rva t ions  i n  
t h e  product ion  of t h e  s p e c t r a l  changes induclaed by ox ida t ion  w i t h  the 
same change in t roduced  by i l l u m i n a t i o n ,  Expsrimantally t h e  magnitude . 
of t h e  change i n  optical d e n s i t y  a t  700 mu and 420 mu pr~duced  by 
i l l u m i n a t i o n  o f  t h e  quantasomes decreases w i t h  i n s r a n s i n g  degree 
?'; 
of o x i d a t i o n  determined by t h e  f a r r o - f e r ~ i c y a n i d e  ratio i n  t h a  medium. 
Saamplementarity i n  slactron s p i n  signal has alro been observed 
i n  chromatophores,  t h e  data for which are  shown i n  figurs 10,  A 
complementarity i n  the l ight- induced optical d e n s i t y  ohangas also 
o?o 
e x i s t s  he re ,  
under reducing conditions. 
An additional feature appears  i n  t h e  c t r o m a l a p h o r a s ~  Under 
t h e s e  c o n d i t i o n s  t h e  l ight- induced s p i n  s i g n a l  is suppressad (Figure 
10) .  S i m i l a r l y ,  t h e  l igh t - induced  optical dens i ty  i n c r e a s e  of t h e  
3; 
chromatophores a t  430 mu is also suppressed by this reducing  medium, 
A q u a n t i t a t i v e  c o r r e l a t i o n  baCrretzn t h e  tyo,  has not yet been made, 
t h i s  laboratory, 
o Eslubiished by adding Na2S204 
o and a POTENTIAL MEAS. 
A Established by phenosafranine coupie 
o and il FOTENTIAL CAKI E , ~  ( e ~ * / ~ e * ' c ~ r r n i d e )  0.44 v 
___^___^_.___ 
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Figure 10, Redox t i t r a t i o n  of the chemically-induced and photo- 
induced EPR in chromatophoras from R. rubrum 





For tho moment, then, we w i l l  presume %hat t h ~  oxidation- 
induced EPR aignab and op t i ca l  density changes are due to the removal 
of an electron from c t ~ h r c s p l ~ ~ l l ,  ox* hacter iochloraphyU as t h e  case 
+ 
may be, leaving b s h h d  a ChP radical, f on s2t:uatad among neutral 
~hlorophy ll rnoleoulacl , I t m a y  t h u s  bu caJ.led n paslit fve sthole ," 
Since the llgkt is not  rt3harpJy morrochrsoaatticn and sfncc, tlre two pre- 
sumed absorption rrevelengths in paen ma-keriaf s;ar7a not  so widely 
EPR s ignals  h e m  a;dgl~t ha due to a scxmrld primary species, eeg. 
Chl", not to speak of h e  e;econdar%y poss.?iluiZ$ties. The EFW s i g n a l  
+ 31 
would be expaated to be very similar to that of BGhh . 
DISCUSSION I 
Induced opticaL d e n a i t y  changes i n  t h s  ehsoraatopharee seems to be r e v e r s i b l e  
. -  
down to the verqy lkot~est temperatures [optical density change dawn t o  1%; 
e l e u t r o n  s p i n  signal down to  77%) requises f i n t  t h a t  t h e  e l e c t r o n  trans-  
f e r  reactions whioh produce these opecies t o  be simple phys ica l  t r a n s f e r  
r e a c t i o n s  not  i n v o h h g  the l n i g r a t h  ca molecular spscias ,  and, sQcondly, 
t h a t  t h e  r e t u r n  t o  t h e  o r i g i n a l  condition bs~:h  with yespact  to optical 
d e n s i t y  and spin signal,  ga by a path oorrespox:ding to t h e  ~ e v e r s a l  of 
its formation,  Thus, we slequdrs tho anargy Iwal POP the electron acceptor 
formation of t h e  
i n  the aase of the/chLorophyll  poei t ivu  ion radical,  or h o l e ,  as be ing  
separa ted  from it ( t h e  hole) by very nearly t h e  f u l l  value s f  t h e  quantum 
of energy which is accompLfshing the ealcctron transfer, I-Je are t h u s  con- 
s t r a i n e d  t o  place t h e  e l e c t r o n  aceeptor patenrial at o very n e g a t i v e  value,  
perhaps even as low as -1 v o l t ,  or mare ( F i g u r ~  b l ) ,  Direct evidence f o r  
a similar wide separa t ion  between donor and acceptor  in a second quantum 
act, which would 
a v a i l a b l e .  
While t h e  
, f l e c t i o n s  on t h e  
be involved i n  t h e  nsuSra l i za t ion  of t h e  h a l e ,  is not y e t  
a c t i o n  spectrum f o r  s p i n  production does show some in- 
long wave s i d a ,  t h e  spin sigma1 itself i a  not s u f f i c i e n t l y  
var iable  with wavelength f o r  u s  to be able t o  specify t h e  ex i s t ence  of 
two d i f f e r e n t  kird-s  of u n p d r c d  spins produced by two different c o l o r s  
0 
of light, However, t h e  accumulating literature seems t o  involve a second 
light act in the green n a t e r i a l .  It stoma fram t h e  e a r l y  suggestions of 
11i111~ '5 
32 
and t h e  experimental. obsarvatkona of Emeraon and more r e c e n t l y  
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Figure 11, Schematic diagram showina the  approximate redox 
relationships of some species proposed as involved 
in the primary quantum conversion act(s)  
3 3 ' 34 
of K K ~ ~ ~ O  and W i t t  and Duysans. The svidanoe prompts u s  t o  introduce 
another  e l e c t r o n  t r a n s f e r  act fop whioh tho pdoduat i n  thfa oeaa l a  ~h1- 
r a d i c a l  ion ,  a l s o  imbedded i n  e matr ix  of n e u t r a l  chlorophyl l  molecules, 
4 
t h u s  corresponding t o  a conduction e lec t ron.  Here e f f i c i e n a y  arguments 
t o  allow for a quantum requirement of less than 8 would- seem t o  requ i re  
t h e  donor molecule f o r  this e l e c t r o n  t r a n s f e r  a c t  t o  have a p o t e n t i a l  i n  
1 
t h e  v i c i n i t y  of t l . 5  v o l t s ,  t h u s  making more e f f i c i e n t  use of t h e  quan- 
tum by providing an addf t ional  site f a r  ATP production. 
- We t h u s  a r r i v e  a t  a modificat ion of t h e  two-quantum proposal  of 
~ i 1 1 ~ ~ * ~ ~ ,  and of ~ i t t ~ ~ ,  ~ o k ~ ' ,  and of ~ u ~ s e n s ~ ~ ,  i n  which t h e  primary 
donors and primary acceptors  a t  each and of t h e  s c a l e  are  f u r t h e r  apa r t  
than  has  he re to fo re  been supposed, and thus  provide two a d d i t i o n a l  
I 
poss ib le  sites f o r  ATP production than does Hill's scheme, The f i r s t  of 
t h e s e  sites would be a t  energy a v a i l a b l e  i n  t h e  passage of t h e  e l ec t ron  
from t h e  primary acceptor ,  a t  -1 v o l t ,  down t o  t h e  u l t i m a t e  reducing 
agent ,  such as TPN, a t  about -0.3 v o l t ,  perhaps passing ghrough either 
such c o f a c t o r s  a s  l i p o i c  ac id ,  P P N K ~ ~  (f erredoxin 1, both, o r  s e v e r a l  
o t h e r s  on its way. 36,37 The second site would be t h e  one proposed 
\ 
by Hill and would l i e  along the passage of the e l e a t r o n  from t h e  'first 
acceptor ,  a t  0.0 v o l t  (Cyt b6, plastoquinone),  t o  t h e  Cyt f at ,  0.4 
v o l t ,  when it would e n t e r  t h e  second pigment system. It is i n t e r e s t i n g  
t o  n o t e  i n  t h i s  connection t h e  r e c e n t l y  reported probable value f o r  
t h e  number of ATP molecules produced by e l e a t r o n  t r a n s f e r  i n  b a c t e r i a l  
38 
chranatophores as baing 2. The t h i r d  site f o r  ATP production would 
be a t  t h e  o t h e r  end of the scale, dur ing whiah the e l e c t r o n  passes Prom 
water t o  t h e  primary donor, through as ye% unknown c o f a a t o r s ,  and among 
which wo nay expect t o  f i n d  n manganese function.3g T h e  u l t i m a t e  r e s u l t  
of such a scheme would be t h e  separation o f  t h e  oxidant and reductant  t o  
3 
t h e  l e v e l s  of oxygen and pyr id ina  nucleotide and t h e  production of t h r e e  
ATP molecules through t h e  a c t i o n  of two success ive  quanta, a s  shown i n  
Figure 11. 
If t h e  quantum requirement f o r  overall photosynthesis  can indeed 
be made less than  8, then  some of t h e  excess ATP molecules could be used 
t o  promote t h e  reductant-oxidant sepa ra t ion  a t  some point  i n  t h e  p o t e n t i a l  
L 
, scheme (Figura  11)  and t h u s  reduce t h e  demand f o r  quanta f o r  t h i s  pur- 
(Figure 12) 
A physica l  dep ic t ion  of t h e  e n t i r e  quantum conversion process can 
now be formulated i n  terms of t h e  absorpt ion  of l i g h t  by t h e  pigment, 
followed by exci ton  migrat ion t o  t h e  s i t e  of p lec t ron t r a n s f e r ,  28.41.42 
In the case of t h e  b a a t e r i a ,  t h i s  electron t ransfer  would involve the 
prod lc t ion  of a ~~hl' ridical  ion  and a reduced acceptor  a t  h i g h  reduct ion  
p o t e n t i a l ,  The  ~~hl' radical ion  could migrate by hole migration to a 
s i t e  where it may recover its e lec t ron  from subh a donor as, Cyt c2, 
which is common i n  t h e  In t he  p e e n  p l a n t ,  zi second chloro-  
p h y l l  system is provided whiah undergoes similar e x c i t a t i o n  and exciton 
migrat ion t o  a site'of e l e a t r o n  t r a n s f e r ,  But, In t h i s  case, t h e  elec- 
t r o n  t r a n s f e r  is from t h e  donor a t  some p o t e n t i a l  higher than t h a t  of 
molecular oxygen -- t h a t  is, equal  t o  o r  g r e a t e r  than ono v o l t  -- and 
tho e l e c t r o n i c  conduction process c a r r i e s  t h e  r e s u l t i n g  e l e c t r o n  i n  t h e  
ch lo rophy l l  system t o  t h e  site of its depos i t ionca t  t h e  connecting link 
between t h e  two ah lo rophy l l  systems. I 
. . 
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Figure 12. A proposal for the primary quantum conversion act(~) 
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